emotion recognitions. The FA values of the left UF were correlated with the performance of fearful facial expression recognition in aMCI. Conclusion: These results indicated that microstructural alterations of the UF had already occurred in aMCI. In addition, these alterations could be one of the causes of memory and emotional processing impairment in aMCI.
microscopic white matter pathology. Thus, one could further speculate that such white matter pathology already exists in the pre-AD aMCI subjects. Using a region-of-interest (ROI) approach, Kantarci et al. [3] reported hippocampal white matter pathology in aMCI subjects. Using a pixel-by-pixel approach, Rose et al. [4] reported that patients with aMCI had significantly reduced fractional anisotropy (FA) measurements in the limbic parahippocampal subgyral white matter, right thalamus and left posterior cingulated cortex. Similarly, Medina et al. [5] showed significant regional reductions of FA in participants with aMCI in multiple posterior white matter regions. Finally, Naggara et al. [6] demonstrated bilateral reduction of FA values in the white matter of the temporal lobe, the frontal lobe and the splenium, in patients with early AD.
In addition to the above-mentioned white matter pathologies reported in aMCI or early AD patients, the uncinate fasciculus (UF) is an important structure which could potentially be affected in these subjects. The UF is a white matter tract connecting the anterior part of the temporal lobe with the frontal lobe, and is believed to play integral roles in emotion and episodic memory in particular [7] . Using DTI, the pathology of the UF has been demonstrated in AD in recent studies [7, 8] . However, there is no report investigating white matter pathology of the UF in aMCI subjects.
In the current DTI study, we measured FA of the UF in subjects with aMCI and healthy controls. In many studies, FA was measured by positioning ROIs or by the voxel-by-voxel method. However, in these approaches, specific tracts cannot be isolated and might be contaminated with those of different origins. In addition, in the latter approach, the partial volume effect of cerebrospinal fluid might affect measurements especially in atrophied brains. Thus, in our study, we applied diffusion tensor tractography to visualize the UF and segment it from adjacent white matter structures [8] .
In addition, to investigate the group differences in FA values between aMCI and control subjects, we investigated possible associations of FA values of the UF with the performance of memory and emotional processing in the aMCI subjects. We predicted that reduced FA values would be associated with episodic memory impairment. Emotional recognition has been much less investigated in AD or aMCI subjects than episodic memory. Thus, we considered the association analyses of emotion recognition and UF pathology as a preliminary study.
Materials and Methods

Subjects
The subjects of this study were those with aMCI and healthy elderly controls. Sixteen subjects with MCI were recruited from the Kyoto University Hospital. The diagnosis of aMCI was done according to the Mayo Clinic Alzheimer's Disease Research Center criteria [2, 9] as follows: (1) memory complaints by patient or informant; (2) objective memory impairment, presenting as a logical memory (immediate memory) score on the Wechsler Memory Scale-revised (WMS-R) ! 1.5 standard deviations (SDs) below the mean of normative data of a large sample of Japanese subjects (WMS-R Japanese version) [10] , specifically, a raw score not more than 13; (3) Clinical Dementia Rating score of 0.5 [11] ; (4) preserved activities of daily living [12, 13] ; (5) normal general cognitive function, Mini-Mental State Examination (MMSE) score 6 24 [14] , and (6) not meeting the National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer's Disease and Related Disorders Association criteria for probable AD [15] . None should have conditions known to cause cognitive deficits, such as head trauma, stroke, alcoholism, or psychiatric illness, and none should be taking antipsychotic drugs at the time of the evaluation or in the 6 months immediately preceding the evaluation.
All the aMCI subjects underwent MRI examinations, the AD Assessment Scale (ADAS) [16] , the Benton Facial Recognition Test [17] , and the facial emotion recognition task (described in detail below).
Subjects with aMCI were compared with matched healthy control subjects without memory impairment recruited from the local community. They were mainly recruited from the local public employment center for retired people. The subjects were excluded if they had a history of psychiatric illness, head trauma, neurological illness, serious medical or surgical illness, history of receiving any antipsychotic medication, or substance abuse disorders. The control subjects were paid for their participation and were matched with MCI subjects in terms of age, sex, and years of education. Sixteen healthy subjects served as controls for MRI. Another 14 healthy subjects served as controls for the facial emotion recognition task. For both control groups, MMSE, WMS-R, and ADAS were also administered. All the participants were right-handed. All control subjects were free of hypertension. Four aMCI subjects had hypertension, but white matter pathology was screened out by T 2 and FLAIR images. After a complete description of the study was given to the subjects, written informed consent was obtained. This study was approved by the Ethics Committee of the Kyoto University Graduate School and Faculty of Medicine.
MRI Acquisition, Tensor Calculation and Fiber Tracking
The DTI data were acquired using single-shot spin-echo echoplanar sequences and structural MRI data were acquired using three-dimensional magnetization-prepared rapid gradient echo sequences, on a 3.0-tesla MRI unit (Trio; Siemens, Erlangen, Germany) with a 40 mT/m gradient. Parameters for the DTI were as follows: TE 79 ms, TR 5,200 ms, 128 ! 128 matrix, FOV 220 ! 220 mm, 40 continuous axial slices of 3.0-mm thickness, 12 noncolinear axis motion-probing gradients, b = 700 s/mm 2 . The acquisition time per dataset was 100 s. To enhance the signal-tonoise ratio, imaging was repeated 5 times. DtiStudio version 2.4 (H. Jiang, S. Mori, Department of Radiology, Johns Hopkins University, Baltimore, Md., USA) was used for tensor calculations and tractography [18, 19] . All source images from the DTI datasets were visually inspected and images with apparent artifacts were removed. In our dataset, there was low eddy-current-related geometric distortion between images obtained in each motion-probing gradient direction [20, 21] , so post-processing distortion correction was not applied. After calculating the diffusion tensor, three eigenvalues and three eigenvectors were obtained [22, 23] . The eigenvector associated with the largest eigenvalue was assumed to represent the intravoxel fiber orientation. The directional color-coded map and FA map were produced.
Fiber tractography was performed on the basis of the fiber assignments derived by means of the continuous tracking method [19, 24] . Tracking from all voxels within the brain was performed and tracking results that penetrated the 2 ROIs were assigned to specific tracts. The termination criteria for fiber tracking were a FA ! 0.18 or a turning angle of 2 consecutive vectors 1 70°. In our current study, we determined 2 ROIs by referring to the method of Taoka et al. [8] and Catani et al. [25] . On the DTI images, the first ROI was placed in the white matter of the anterior temporal lobe on the axial slice below the temporal stem. The second ROI was placed in the white matter of the frontal lobe on the coronal slice near the tip of the frontal horn of the lateral ventricle. Finally, we measured the mean FA, the apparent diffusion coefficient (ADC), the axial and radial diffusivity, and the number of voxels of the UF. As the visualization of the UF varied considerably in its anterior portions, for the calculation of these parameters we included only the fiber components within the 10 consecutive coronal slices from the most posterior slice which visualized the UF ( fig. 1 ).
Additionally FA values of 5 subjects (10 UFs) were measured again by the same observer at intervals of about 1.5 years and by another observer. For the FA values of UF, interrater reliability was 0.963, and intrarater reliability was 0.980, using Cronbach's alpha coefficient.
Neuropsychological Testing
The general cognitive levels of the subjects were assessed using MMSE and ADAS. Episodic memory was assessed using Logical Memory Subscales of the WMS-R.
To evaluate the subjects' capacity for emotion processing, a facial emotion recognition test was applied. The experimental procedure was identical to that of Adolphs et al. [26] . A total of 39 face stimuli comprising 6 faces expressing each of the emotions of happiness, sadness, fear, anger, disgust, and surprise and 3 neutral faces were selected from the Pictures of Facial Affect series [27] . In one block, the set of 39 stimuli were presented randomly with no time limit. This was repeated 6 times in separate blocks. For each block, 1 of the 6 emotion terms was presented, and the patients or control subjects had to evaluate the intensity of a given emotion in the facial expression on a scale of 0 (not intense at all) to 5 (very intense). After rating the stimuli involving 1 emotion of the 6, the subjects were asked to rate other emotion terms in subsequent blocks. Thus, for each facial stimulus, the subjects rated the intensity of all 6 basic emotions. The patients' performance in facial emotion recognition was measured in terms of Pearson correlation scores. First, the rating profile given to each face by each patient was correlated with the mean rating profile given to that face by the group of healthy subjects. In the case of normal individuals, correlation coefficients between each normal individual and the remaining 13 control subjects were calculated. Thus, correlations close to 1 indicate that the subject rated the stimulus normally; correlations close to 0 (or negative) indicate that the subject did not rate the stimulus correctly. Second, to calculate the average for correlation over several faces (e.g. the average correlation for all 6 happy faces), a patient's correlation for each face was Fisher Z-transformed. The Z-transformed correlations were averaged over 6 faces that expressed a given emotion, and the average was then inverse Z-transformed to obtain the mean correlation for that emotion [26, 28] . The Fisher Z-transformed scores of the correlation were used in all parametric statistical analyses.
Finally, as a control task for this emotional facial recognition task, the Benton Facial Recognition Test [17] was also applied to assess the subjects' basic facial recognition performance. 
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Statistical Analysis
Statistics were performed with SPSS software package version 12 (SPSS, Chicago, Ill., USA). By using analyses of covariance (ANCOVAs) with age and education as covariates, we compared the FA values, the ADC, the axial and radial diffusivities, the number of voxels, and the scores of neuropsychological tests between aMCI subjects and normal controls. Among the MCI subjects, we also examined the partial correlation of the FA values of the UF and the scores of the neuropsychological tests, using age and education as covariates. For the ADC, the axial and radial diffusivities, and the number of voxels, similar ANCOVAs were performed. The results indicated no significant main effects or an interaction.
Results
Group Comparison of the DTI Parameters
Performances on Neuropsychological Tests
As mentioned above, the aMCI subjects showed significantly lower scores on the memory (Logical Memory of WMS-R) and general dementia severity tests. The ANCOVAs controlled for age and education revealed significant group differences in Logical Memory scores of WMS-R (d.f. = 1, 28; F = 43.045, p ! 0.001), in MMSE (d.f. = 1, 28; F = 7.973, p = 0.009), and in ADAS (d.f. = 1, 28; F = 13.414, p = 0.001).
The scores of the facial emotion recognition task were analyzed in a 2 ! 6 ANCOVA model with the group (aMCI or control) as a between-subject factor and the 6 Additionally, among controls, we compared the FA values to ADAS and WMS-R scores in the same way. No significant correlations between FA measures and scores on neuropsychological tests were found, except for the positive correlations between ADAS scores and the FA of the left UF (r = 0.617, p = 0.019). The reason for such a positive correlation is unclear, as higher ADAS scores mean worse cognitive performance. Thus, we do not discuss this unexpected finding any further.
As to the correlation with the emotional facial recognition tests, the FA values of the left UF were significantly correlated with the scores for sadness (r = 0.536, p = 0.033) and surprise (r = 0.509, p ! 0.044), but not with the scores of the other emotional categories. However, partial correlations controlled for age and education revealed a different pattern of association: the FA values of the left UF were significantly correlated with the scores of surprise (r = 0.533, p = 0.050) and fear (r = 0.542, p = 0.045). For the right UF, FA values were not correlated with the scores of any facial emotional categories.
Discussion
Although white matter pathology has been demonstrated in aMCI subjects by a number of DTI studies, the current study is the first one to demonstrate UF abnormality. In addition, the microstructural UF pathology in aMCI was demonstrated to be associated with memory impairment. Finally, it is suggested that UF pathology may also be associated with impaired emotional cognition in aMCI subjects.
Previous DTI studies applied either ROI-based analyses [3, [29] [30] [31] or voxel-based whole-brain analyses [4, 5] . One of the ROI-based studies [3] investigated DTI parameters in ROIs placed on the temporal stem, which are likely to include the UF, but failed to find group differences between normal and aMCI subjects. On the other hand, one of the voxel-based studies reported FA reduction in the 'limbic parahippocampal subgyral white matter', which might be located in the UF [4] . Thus, up to now, the pathology of the UF in aMCI subjects has neither been directly investigated nor demonstrated. To overcome the weakness of the imaging analyses applied in the previous studies, the tract-of-interest approach was adopted in our current study [8] . In the ROI-based approach, positioning of ROI is a delicate procedure, and neither accuracy nor precision is guaranteed. On the other hand, automated voxel-based approaches, especially those using Statistical Parametric Mapping have been adopted to overcome the imprecise nature of the ROI-based approach. However, the use of Statistical Parametric Mapping-like approaches to DTI have been seriously criticized, especially as to the validity of registration of individual data to a standard space [32] . In our current study, by visualizing and isolating the UF by tractography, accurate positioning of the ROI is guaranteed. In addition, intrarater and interrater reproducibility is also guaranteed due to the semiautomated nature of image processing. Although mean FA values have been demonstrated to be smaller in aMCI subjects in bilateral UF, significant group differences have been demonstrated only in the left UF. In AD patients, bilateral reduction of FA values in the UF has been reported [8] . Thus, the left-accentuated UF-FA reduction in aMCI subjects can be viewed as a transitional stage between normal aging and AD. In our current study, as well as in the majority of studies of aMCI, memory impairment was confirmed using a verbal memory task. It would be consistent with the verbal nature of the operational definition of aMCI that pre-AD subjects with left-accentuated pathology dominated the aMCI population more than those with right-accentuated pathology.
We also measured axial and radial diffusivities, because a decrease of the former is suggested to reflect axonal degeneration or injury, while an increase of the latter is suggested to reflect demyelination [33] . As we did not demonstrate group differences in these measures, we could not speculate about the nature of the UF white matter pathology. Both axonal degeneration and demyelination are probably involved.
With regard to the possible association of the UF microstructural pathology with memory impairment, a correlation between left UF-FA and the WMS-R Logical Memory score was found. This result may be consistent with the above-mentioned voxel-based study [4] , in which FA reduction of the 'limbic parahippocampal subgyral white matter' was associated with memory impairment in aMCI subjects, as the cluster of voxels named 'limbic parahippocampal subgyral white matter' in their figures is likely to overlap the white matter area through which the UF passes. However, again, the fibers in the 'limbic parahippocampal subgyral white matter' cannot be identified due to the weakness of voxel-based automated approaches. Thus, as far as we know, our study is the first one to demonstrate the association between UF pathology and memory impairment in aMCI subjects, by isolating the UF from neighboring fibers, such as the occipitofrontal fasciculus. The UF is known to be the white matter structure critical for our episodic memory and its disruption has been found to cause severe memory impairment [34, 35] . Early white matter pathology, together with early entorhinal and hippocampal cortical pathology [36] , may be the major pathological bases of memory impairment in pre-AD subjects. The fact that the association of impaired memory performance with reduced left UF-FA values was demonstrated only in aMCI subjects, but not in the control group, may strengthen the view that such an association does not simply reflect the process of normal aging, but rather a pathological process specific to the aMCI.
We found no correlation between the FA of the right UF and WMS-R scores. This could be due to the fact that this subtask is a verbal memory task, thus reflecting more of the pathology of the dominant hemisphere.
The FA of the left UF was also correlated with the scores of ADAS but not MMSE. Because the majority of subtasks of ADAS are memory tests, the association of the ADAS score with left UF-FA is reasonable considering the above-mentioned association between left UF-FA and the Logical Memory Subscale of the WMS-R. Nonassociation between left UF-FA and MMSE can simply be explained by the small variance of MMSE scores in the aMCI subjects defined with a high MMSE score (the mean MMSE score in our aMCI subjects was 27.2).
Emotional recognition is a domain of cognition which can be potentially impaired in pre-AD subjects. As to the AD patients, researchers have generally demonstrated deficits in facial emotional recognition [37] [38] [39] [40] . Thus, it can be speculated that such an impairment already exists in the pre-AD stage. As to the MCI subjects, there has been only one study which demonstrated emotional processing impairment in MCI subjects, although such an impairment was demonstrated only in the multiple-domain aMCI subjects [41] . Together with that study, our results of impaired facial emotional processing suggest emotional processing impairment in pre-AD subjects. Here, we would like to emphasize the significance of the study on emotional processing of patients with MCI. In AD patients, there have been several studies on the dis-ability of facial emotional recognition, but they are controversial because deficits in other skills such as spatial recognition may contribute to the disability. However, in this study, we were able to evaluate the facial emotional recognition ability in aMCI without interference of deficits in spatial recognition (as confirmed by the unimpaired figure copying in the ADAS as well as in the MMSE; data not presented), and more accurately analyze and present the disability. Given that aMCI subjects are at high risk for AD and include substantial percentages of subjects in the transitional stage to AD, from the results we can speculate that AD patients have a deficit in facial emotional recognition itself.
As to the possible association between such emotional processing impairment and UF pathology, significant correlations were demonstrated for certain emotional categories of the presented faces. These results suggest that emotional impairment of aMCI subjects could at least partially be caused by the early white matter pathology in the UF. However, the results should be interpreted cautiously for the following reasons. First, because correction for multiple correlation analyses was not applied, the possibility of type I errors cannot be ruled out. Second, the results of simple correlations and partial correlations (controlled for age and education) were not consistent with respect to the emotional categories which showed significant correlations with FA values of the UF. Thus, it is difficult to interpret which specific emotional impairment should be analyzed.
There remains a possibility that impairment of the above-mentioned memory and emotional recognition is not a direct consequence of UF pathology, but that intervening factors are present: for instance, UF pathology may be associated with the pathology of the hippocampus or amygdala in these subjects, and abnormalities of these structures in turn may cause memory and emotion processing impairment in the aMCI subjects. The number of subjects (both aMCI and control subjects) investigated in this study is small, which is a major limitation of this study. Thus, future studies with a larger number of subjects are needed, which would simultaneously investigate multiple regional pathologies and investigate their possible correlation with impairments in multiple cognitive domains.
